A fully compressible 3D solver for reacting flows has been developed and applied to investigate a turbulent lifted jet flame in a vitiated coflow by means of direct numerical simulation (DNS) to validate the solver and analyze the flame characteristics. An eighth-order central differencing scheme is used for spatial discretization and a fourth-order Runge-Kutta method is employed for time integration. The DNS results agree well with the experimental measurements for the conditional means of reactive scalars. However, the lift-off height is under predicted. The mean axial velocity develops into a self-similar profile after x/D = 6. The normalized flame index is employed to characterize the combustion regime. It is found that at the flame base the gradients of the reactants are opposed and diffusion combustion is dominant. Further downstream, the contribution of premixed combustion increases and peaks at x/D = 8. Finally, the stabilization process is examined. The turbulent lifted flame is proved to stabilize in the lean mixtures and low scalar dissipation rate regions.
INTRODUCTION
Predictive capacity for turbulent combustion is of paramount importance to some industrial applications, such as combustion in the aircraft engines and coal-fired boilers where experimental measurements are difficult and sometimes not accessible. There are mainly three kinds of approaches to predict turbulent combustion: Reynoldsaveraged Navier-Stokes (RANS), large-eddy simulation (LES), and direct numerical simulation (DNS). The first two approaches have been extensively applied to study industrial and experimental combustion devices. However, both of them are not able to provide sufficient information to understand the fundamental mechanism of turbulent combustion because many hypothetical models are involved. DNS is considered as the most precise approach so far and can reproduce the realistic combustion phenomena. Furthermore, DNS database can be used to test and improve combustion models in the context of RANS/LES.
In the last decade, with the rapid development of supercomputer systems, DNS becomes affordable to study turbulent combustion with moderate or even large Reynolds numbers. As a pioneering attempt, Mizobuchi et al. [1] simulated an experimental turbulent hydrogen lifted jet flame with a Reynolds number of 13,600. More than 22 million grid points were used. The DNS results showed that the lifted flame structure was very complicated and premixed and diffusion flames could coexist in the flame zone. It should be noted that as it was a short-term simulation, no averaged data were obtained to compare with the experimental measurements. Yoo et al. [2] performed DNS of a plane reacting jet flow with hydrogen combustion. The Reynolds number based on the jet width was 11,000 and over 940 million grid points were employed. The grid spacing was small enough to resolve the Kolmogorov scale as well as the flame structure. Over 12 flow-through times were advanced to obtain the statistical data. More recently, Moureau et al. [3] applied LES and DNS to investigate a laboratory-scale swirl burner measured by Meier et al. [4] . The DNS featured a 2.6 billion unstructured-mesh cells and a resolution of less than 100 microns.
In the present study, a fully compressible 3D solver for reacting flows has been developed and applied to investigate an experimental turbulent lifted flame by means of DNS to validate the solver and analyze the flame structures and stabilization processes. The experimental turbulent lifted H 2 /N 2 flame carried out by Cabra et al. [5] is chosen to be the target flame. The motivations of choosing this flame are 1) the experiment consists of comprehensive data for numerical validation; 2) a large number of numerical models [6] [7] [8] [9] have been employed to simulate the flame, but the simulated results are not satisfactory; 3) the stabilization mechanism of such a flame has not been completely understood so far.
The remainder of the text is organized as follows: Section 2 introduces the numerical algorithm, including the experimental apparatus, numerical methods, boundary conditions and grid system. Section 3 presents the numerical results. The conclusions are given in section 4.
MATHEMATICAL DESCRIPTIONS 2.1. Experimental configuration and numerical solver
The Cabra burner [5] consists of a fuel jet (25% H 2 and 75% N 2 in molar fraction) with an inner diameter D = 4.57 mm and a wall thickness of 0.89 mm, which is located at the center of a perforated disk with a diameter of 210 mm. The sketch map of the burner is shown in Figure 1 . The disk has 2200 premixed flames, providing a hot coflow stream to stabilize the lifted jet flame. The central fuel jet extends 70 mm downstream of the surface of the perforated plate so that the fuel mixture is injected into a coflow with uniform composition (6.45% H 2 O, 17.09% O 2 and 76.46% N 2 in mass fraction). According to the experiment, the mean central jet velocity U j is estimated to be 107 m/s and the corresponding coflow velocity is 3.5 m/s. The Reynolds number based on the jet nozzle is 23,600.
In order to study the burner, a fully compressible solver for reacting flows has been developed. The governing equations for mass, momentum, species, energy and ideal gas state can be written as: ,
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Figure 1:
The sketch map of the burner [5] .
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where ρ is the density, u the velocity, Y the mass fraction, V the diffusion velocity,V c the correction velocity, p the pressure, T the temperature, τ ij the viscous stress tensor, f the volume force, Q . the heat source term, R c the perfect gas constant, and W the mean molecular weight of the mixture. ω · α is the reaction rate of species α and can be obtained from the chemical reaction mechanism. ω · ′ T is the heat release rate defined as , where h α is the enthalpy of species α. To ensure the compatibility of the species and mass conservation equations, only N-1 species equations are directly solved.
To solve the above equations, a classical fourth-order Runge-Kutta method is used for time integration, and an eighth-order center differential scheme proposed by Kennedy and Carpenter [10] is adopted for spatial differencing. To remove spurious high frequency fluctuations in the solution, a tenth-order explicit filter proposed by Kennedy and Carpenter [10] [11] is used for chemical reaction calculations. Reverse rate constants are computed from the forward rate constants and the equilibrium constants. Thermodynamic and transport properties are evaluated using the CHEMKIN software libraries.
Grid system and boundary conditions
The computational domain are 26D × 16D × 16D in the x, y and z directions. It can be considered to be large enough to capture the main flame structures because the visible flame length was only 30D downstream of the exit jet nozzle. As the estimated minimum Kolmogorov scale by Cabra [12] is 0.05 mm, designing a proper grid system is a first step to accomplish such computation. From the experimental measurements, it is shown that the Favre mean and fluctuation scalars and the velocity field always vary within 3D in the radical direction. Thus, in the present study, a uniform grid spacing is used in the center region with a radial distance less than 3D, and a stretch grid is used with a radial distance lager than 3D. Considering the reaction zone thickness, the grid interval dz in the y and z directions is expressed as:
Where D is the diameter of jet nozzle, n z is the order number of the grid, Gz is the total grid number in z direction and r is the radial distance to the jet center line.
In the x direction, a uniform grid spacing of 108 µm is used. The total grid number is 1088 × 512 × 512, about 285 million. A uniform time step of 6.0933 × 10 -8 s is adopted to satisfy the CFL condition. Such a time step is small enough to resolve hydrogen combustion as well. To complete the computation, more than 0.2 million time steps are marched using 1024 CPUs in Shanghai Supercomputer Center. The computational time is equivalent to 12 × 10 -3 s, which is long enough to obtain stationary statistic data.
The improved nonreflecting boundary conditions [13] are used to deal with the inflow/outflow conditions. The boundary conditions of the central jet and the co-flow are set according to the experimental data. For the inflow velocity, the 1/7 law is used to describe the mean velocity profile in the radical direction. A random velocity disturbance [14] is imposed on the mean flow to describe the inflow velocity fluctuation.
RESULTS AND DISCUSSIONS 3.1. Validation
The comparison of the DNS results and measurements is carried out for the temperature at various axial locations as shown in Figure 2 . It is clear that good agreements are obtained for the Favre mean and fluctuating components. To further validate the DNS results, the conditional means of reactive scalars and the lifted height are compared with the measurements in the following. Figure 3 shows the comparisons of the conditional mean temperature and mass fraction of O 2 between the DNS results and the experimental measurements. It is seen that the DNS results are in accordance with the experimental measurements for all locations. The peak of the temperature profile shifts to a higher mixture fraction with the increase of the streamwise distance. This phenomenon indicates that the mixture is ignited in the fuel-lean side in the upstream region and then burns near the stoichiometric mixture fraction in the downstream region. The maximum temperature increases with the streamwise distance but keeps lower than its adiabatic value. At x/D = 14, the conditional mean temperature is over predicted, while the conditional mean mass fraction of O 2 is under predicted. This is consistent with the fact that the predicted lift-off height is lower than the measured one.
It should be noted that although the predicted scalars at x/D = 1, 14, and 26 agree well with the measurements, the predicted lift-off height doesn't agree with the measured one. Figure 4 displays that the predicted lift-off height, which is defined above a threshold of the OH mass fraction, is about 6.5D and lower than the measured one of about 10D. There are two explanations for the under prediction. One is that previous experimental studies showed that the flame is very sensitive to the coflow dz = D/60, < 3D;
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Flow field features
It is necessary to examine the fluid dynamics of the turbulent lifted flame. One of the important characteristics in turbulent jets is the self-similarity, which is defined as the structure of the jet being independent of the streamwise distance. the mean axial velocity at the central line, while the radial distance is normalized by the jet half-width, i.e. half of the radial distance at which the mean axial velocity exceeds 50% of the corresponding mean axial velocity at the central line. It is observed that the top-hat velocity profile at the inlet quickly develops into a self-similar profile for the mean axial velocity after x/D = 6. The axial velocity fluctuation is highest in the shear layer as seen in Figure 5b due to the mean shear of the jet. Note that the heat release rate is the most significant in the shear layer, which may also alter the turbulence intensity. Therefore, it is supposed that the shear and chemical reactions are responsible for the peak turbulence intensity in the shear layer. Figure 6 . The profiles of the two fluctuating components are quite similar. Their magnitudes are slightly smaller than that of the axial velocity fluctuation, indicating that the flow field is weakly anisotropic at the flame base. The radial profiles of the velocity fluctuation don't overlap completely, which may be attributed to the flame generated turbulence. The Reynolds stress is illuminated in Figure 7 . The distributions of the Reynolds stress is more complicated. It is observed that the Reynolds stress varies remarkably in the shear layer. However, after about x/D = 6, the profiles are smooth in the outer region. Figure 8 shows the distributions of Y HO2 and Y OH , and temperature in a typical x -z plane. The intermediate species HO 2 and OH are very important for hydrogen combustion. It is well known that ignition of hydrogen/air mixtures consists of two stages, namely, the induction stage and the thermal runaway stage [15] . During the induction stage, the radical HO 2 is rapidly built up yet the corresponding temperature doesn't rise too much. While in the thermal runaway stage, the radical HO 2 is consumed and some other radicals such as OH are produced and the temperature rises significantly. Both stages are illuminated in Figure 8 . Figure 8a shows that HO 2 is produced in the upstream of OH and no significant increase of temperature is observed in the region where HO 2 accumulates (Figure 8c ). At the end of the induction stage, HO 2 is partially converted to radicals such as OH. The distribution of OH is seen to be at the periphery of HO 2 , where transition to high temperature combustion occurs.
Flame structure analysis 3.3.1. Instantaneous structure
x/d = 0.5 x/d = 6 x/d = 10 x/d = 14 x/d = 18 x/d = 0.5 x/d = 6 x/d = 10 x/d = 14 x/d = 18
Combustion regime
In order to characterize the combustion regime in the flame, the normalized flame index is employed and defined as [16] : According to the definition, when FI is close to unity, the two gradients are aligned, and premixed combustion dominates; while FI is negatively close to unity, the two gradients are opposed, and diffusion combustion dominates. Figure 9 shows the distribution of the normalized flame index in a typical x -z plane. Here FI is evaluated only when the local released heat is above a threshold of 1.0 × 10 5 J/m 3 . Otherwise, FI is set to zero. The flame is strongly influenced by 
Figure 7:
The Reynolds stress at different axial locations. 
where Ω p denotes the contribution of premixed combustion to the heat release rate and Ω d denotes the contribution of diffusion combustion to the heat release rate. The parameters are integrated in the radical direction. Thus, they are only functions of the streamwise distance. The integrated heat release rate of premixed and diffusion combustion in the axial direction is illustrated in Figure 10 . The heat release rate is not evident in the lift-off region. Between x/D = 5 and x/D = 7, the heat release rate is mainly generated where the gradients of the reactants are opposed due to its high probability. Further downstream, the contribution of premixed combustion is larger than that of diffusion combustion. This can be explained by the fact that the conditional heat release rate on FI for premixed combustion is higher than that for diffusion combustion. The integrated heat release rate of premixed combustion reaches its maximum value at x/D = 8. After x/D = 11, the integrated heat release rate of premixed combustion decreases linearly, and almost vanishes at the outlet; while the integrated heat release rate of diffusion combustion maintains a certain level. Thus, it is suggested that the heat generation in the far field of the flame is similar to that from typical diffusion flames.
Analysis of flame characteristics in a laboratory-scale turbulent lifted jet flame via DNS

Stabilization characteristics
Turbulent lifted flames exhibit many characteristics, among which the flame stabilization has attracted extensive attention. In this part, some features of the flame stabilization are illuminated using the DNS database.
Previous studies [2, 17] showed that auto-ignition was the main stabilization mechanism in turbulent lifted flames in a vitiated coflow. It is known that HO 2 is a key intermediate species that dominates early in the induction stage of ignition and serves as a sink for the other radicals H, O, and OH. The contours of the mass fractions of HO 2 and OH at x / D = 6.5 are displayed in Figure 11 . It is worth noting that the predicted lift-off height is 6.5D. Thus, the probability of finding the stabilization point is high at this plane. Figure 11 also shows the stoichiometric mixture fraction iso-line. There is a strong correlation of the distributions of HO 2 and OH, i.e. OH is found at the periphery of HO 2 . In numerical investigations, HO 2 is usually used to track the ignition kernels and OH is employed to characterize the stabilization point. It is clear that HO 2 accumulates in the fuel-rich region and OH in the fuel-lean region. This indicates that the turbulent lifted flame stabilizes in lean mixtures, which is consistent with previous numerical and experimental investigations [18, 19] . One representative point in the shear layer is selected to analyze the stabilization process. This point is located at x/D = 6.5 and r/D = 0.685 in the stabilization region. In order to increase the sample size, over 10 data sets between 12τ j and 14τ j are used, where τ j is the flow-through time defined as the ratio of the streamwise distance to the mean axial inlet jet velocity. The correlation of the distributions of HO 2 and OH is further revealed as in Figure 12 . It is seen that at the point, the two intermediate species are negatively correlated. At the flame base, HO 2 is consumed while OH is generated to initial chemical reactions.
The scalar dissipation rate is an important quantity that influences the stabilization process. It characterizes the stiffness of the mixture fraction and the intensity of the local diffusive transfer. The scalar dissipation rate N is defined as:
, (10) where D th is the diffusion coefficient and f is the mixture fraction. Figure 13a shows the scatter points of Y HO2 versus the scalar dissipation rate at the point described above. It is found that most of the sample points are with a low scalar dissipation rate. Only a small portion of the samples have a scalar dissipation rate lager than 1000 s -1 . The scatter points of Y OH versus the scalar dissipation rate are displayed in Figure 13b . Interestingly, the higher the mass fraction of OH is, the lower the scalar dissipation rate is. Thus, it is supposed that the flame at hand is apt to stabilize at locations with low scalar dissipation rates. In fact, higher scalar dissipation rates imply stiffer mixture fraction distributions and thus larger heat losses, so that ignition always occurs in the low scalar dissipation rate regions. 
CONCLUSIONS
Three-dimensional DNS of a turbulent lifted jet flame experimentally studied by Cabra et al. [5] has been performed. The Reynolds number based on the exit diameter and jet velocity is 23,600. More than 285 million grid points are employed to resolve both of the turbulence scales and the flame structure. A fourth-order Runge-Kutta method for time integration and an eighth-order central differencing scheme for spatial discretization are used to solve the fully compressible Navier-Stokes equation system. A detailed 9 species and 19-step mechanism for hydrogen combustion is adopted.
The conditional means of reactive scalars between the DNS results and the experimental measurements are compared, and good agreements are obtained. However, the predicted lift-off height doesn't agree with the measured one. It is supposed that the flame is very sensitive to the coflow temperature and turbulent inflow boundary conditions. The characteristic of the flow field is examined and the selfsimilarity is studied. It is shown that after x / D = 6, the top-hat velocity profile at the inlet quickly develops into a self-similar profile for the mean axial velocity. Two combustion modes are identified in the flame. It is found that at the flame base diffusion combustion is dominant. Further downstream, the contribution of premixed combustion is larger than that of diffusion combustion. After x/D = 11, the integrated heat release rate of premixed combustion decreases linearly, and almost vanishes at the outlet. The flame stabilization is also studied using the DNS database. The correlation of the distributions of HO 2 and OH indicates that OH accumulates at the periphery of HO 2 . The turbulent lifted flame is found to stabilize in the lean mixtures and low scalar dissipation rate regions.
